Background Although malignant diseases are known to be associated with immune suppression, the detailed mechanisms involved are still unknown. NKG2D is an activating cell surface receptor expressed by natural killer (NK) cells and CD8? T cells, and the engagement of NKG2D is extremely important for NK cell activation. Although decreased NKG2D expression on NK cells is closely related to immune evasion by some cancers, the immunopathological importance of this phenomenon in gastric cancer patients remains unclear. Methods NKG2D expression on NK cells was determined, using multicolor flow cytometry, to investigate the mechanisms responsible for immune evasion in gastric cancer patients. Results NKG2D expression on NK cells from gastric cancer patients was significantly lower than that in healthy controls. Also, NKG2D expression in advanced gastric cancer was significantly lower than that in early gastric cancer. NK cells from patients with lymph node metastasis expressed significantly lower levels of NKG2D than the NK cells from those without lymph node metastasis, and NKG2D expression on NK cells in gastric cancer tissue was significantly lower than that of circulating NK cells. NKG2D expression on NK cells obtained from cancer patients was restored after 48 h in culture with RPMI containing 10% AB serum. Furthermore, NKG2D expression on NK cells obtained after surgery was significantly higher than that before surgery.
Introduction
Natural killer (NK) cells are effector lymphocytes of the innate immune system that control several types of tumors and microbial infections by limiting their spread and subsequent tissue damage [1] . Since NK cells exhibit natural cytotoxicity against a broad range of human solid tumors without the need for major histocompatibility complex molecule expression by the target cells [2] [3] [4] [5] , they play an important role in host anticancer defense mechanisms both in vitro [6] and in vivo [7, 8] . Animal studies show that depressed NK cell activity leads to a high incidence of tumor occurrence [9, 10] . NK cells also play an important role in inhibiting experimental tumor metastasis [11] [12] [13] . In humans, an 11-year follow-up epidemiologic survey showed that the level of NK cell activity in peripheral blood was associated with cancer risk in adults; low NK cell activity was associated with increased cancer risk [14] .
Gastric cancer is one of the most common malignancies worldwide. Although the prognosis of patients with gastric carcinoma has improved due to the availability of better diagnostic techniques and intra-operative and post-operative care, it still ranks second among all cancer deaths worldwide [15] . Both systemic and local immune defects have been identified in gastric cancer patients [16, 17] , and these defects correlate with disease progression and prognosis [18] . Defects in NK cell activity have also been found in patients with gastric cancer [19] . Takeuchi et al. demonstrated that low NK cell activity was an independent prognostic indicator in gastric cancer patients [20] . However, the mechanisms responsible for these defects in NK cell function have yet to be defined.
NKG2D is a type II C-lectin-like protein encoded by a gene located next to the NKG2A, NKG2C, and NKG2E genes within the natural killer (NK) gene complex on human chromosome 12p12-p13 and mouse chromosome 6 [21] . NKG2D is an activating cell surface receptor expressed by NK cells, gamma-delta T cells, some cytolytic CD8? alphabeta T cells, and NKT cells [22] [23] [24] [25] . A recent study demonstrated that tumor-infiltrating and systemic NK cells and CD8? T cells often express low levels of NKG2D and are functionally compromised in some cancer patients, indicating that decreased NKG2D expression correlates with a defect in NK cell function [26] . However, the levels of NKG2D expression on NK cells have yet to be determined in gastric cancer patients. Therefore, in this study, we determined the level of NKG2D expression on NK cells from gastric cancer patients to identify the mechanisms responsible for immune evasion in gastric cancer.
Patients and methods

Patients and healthy controls
Fifty patients treated at Tottori University Hospital and pathologically diagnosed with gastric cancer were enrolled in this study. None of the patients received radiotherapy, chemotherapy, or other medical interventions before surgery. Informed consent for blood donations was obtained for all individuals. Patient characteristics are shown in Table 1 . The study included 25 healthy age-matched controls (62.2 ± 14.0 years for the controls vs. 63.3 ± 12.2 years for the patients) and each experiment was performed in parallel for the patients and the healthy controls. The clinicopathological findings were determined according to the Japanese classification of gastric carcinoma [27] .
Preparation of peripheral blood mononuclear cells
Peripheral blood (30 ml) was drawn from the controls and patients before surgery or chemotherapy and centrifuged on a Ficoll-Paque gradient (Pharmacia, Uppsala, Sweden). Furthermore, peripheral blood was drawn from 10 patients 1 month after surgery to compare NKG2D expression on NK cells between before and after surgery.
Isolation of tumor-infiltrating lymphocytes
Freshly excised tumor tissues were minced, and incubated in collagenase D (1.5 mg/ml; Wako Pure Chemical Industries, Osaka, Japan). Cell suspensions were then filtered through a mesh filter (BD Falcon, Franklin Lakes, NJ, USA).
Flow cytometry analysis
Fluorescent activated cell sorting (FACS)
Ò analysis was performed using a FACSCalibur TM (Becton-Dickinson, Franklin Lakes, NJ, USA). The following antibodies were used to classify the cells: anti-CD3-PE-Cy5, anti-CD56-PE, purified anti-human NKG2D monoclonal antibody (mAb), and fluorescein isothiocyanate (FITC)-labeled goat anti-mouse Ig (BD Pharmingen, Franklin Lakes, NJ, USA). In brief, peripheral blood mononuclear cells (1 9 10 5 ) were stained with the titrated antibodies (anti-CD3-PECy5, anti-CD56-PE, purified anti-human NKG2D mAb) in the dark at 4°C for 30 min and washed once. Cells were incubated with the appropriate concentrations of FITClabeled goat anti-mouse Ig in the dark at 4°C for 30 min, washed once, and analyzed.
Measurement of soluble MHC class I-related chain gene A (MICA) in sera
The levels of soluble MICA (sMICA) in human sera were measured by enzyme-linked immunosorbent assay (ELISA) using a human MICA ELISA Kit (IMMATICS Biotechnologies, Tubigen, Germany). T1 tumor invasion of the epithelium or lamina propria mucosae or muscularis mucosae or submucosa, T2 tumor invasion of the muscularis propria or the subserosa, T3 penetration of the serosa, T4 invasion of adjacent organs Statistical analysis Paired t-tests or Mann-Whitney U-tests were used to determine statistically significant differences between two groups. Correlations were analyzed using the Spearman rank correlation coefficient. The accepted level of significance was P \ 0.05. GraphPad PRISM software (Graphpad Software, San Diego, CA, USA) was used for all statistical analyses.
Results
NKG2D expression on circulating NK cells in patients with gastric cancer
First, we determined NKG2D expression on circulating NK cells in both healthy controls and gastric cancer patients. NKG2D expression on NK cells from gastric cancer patients (43.3 ± 13.7%; n = 50) was significantly lower than that in the healthy controls (52.5 ± 16.9%; n = 25; P = 0.019; Fig. 1 ). Table 1 shows the correlation between NKG2D expression on NK cells and various clinicopathologic factors. NKG2D expression in advanced gastric cancer (T2/ T3/T4 34.3 ± 14.0%) was significantly lower than that in early gastric cancer (T1 48.4 ± 10.7%; P = 0.0007). NK cells from patients with lymph node metastasis expressed significantly lower levels of NKG2D than the NK cells from those without lymph node metastasis (33.1 ± 17.1 vs. 47.3 ± 9.8; P = 0.0082). These results indicate that reduced NKG2D expression on NK cells is closely correlated with disease severity.
We previously demonstrated that NKG2D expression on CD8? T cells was also downregulated in gastric cancer patients [17] . Therefore, we examined the correlation between NKG2D expression on CD8? T cells and NK cells and found a significant correlation (r = 0.36, P = 0.01; Fig. 2 ).
NKG2D expression on NK cells in gastric cancer tissues
We then determined the level of NKG2D expression on NK cells obtained from gastric cancer tissues. NKG2D expression on NK cells from gastric cancer tissues (38.8 ± 12.1%) was significantly lower than that on circulating NK cells (50.6 ± 10.5%; P = 0.023; Fig. 3 ).
Restoration of NKG2D expression on NK cells NKG2D expression on NK cells obtained from patients was restored after 48 h in culture with RPMI containing 10% AB serum (Fig. 4) . A similar phenomenon was observed in the clinic, in that NKG2D expression was restored on NK cells after surgery; values before and after surgery were 41.5 ± 15.3% and 55.6 ± 9.8% (n = 10), respectively, and the difference was statistically significant (P = 0.036; Fig. 5 ). Ò . b NKG2D expression on circulating NK cells in gastric cancer patients was significantly lower than that in healthy controls (P = 0.019) sMICA is associated with the downregulation of NKG2D expression on NK cells in cancer patients [28] . In the present study, the concentrations of sMICA in the sera obtained from healthy controls and gastric cancer patients were 71.9 ± 57.7 and 86.0 ± 121.6 pg/ml, respectively. Furthermore, the concentration of sMICA in the supernatants obtained from six gastric cancer cell lines (TMK-1, MKN-1, MKN-28, MKN-45, MKN-74, and KATO-3) was 150.7 ± 39.1 pg/ml. There were no significant differences in the concentrations of sMICA among the healthy controls, cancer patients, and the supernatants from the gastric cancer cell lines.
Discussion
NK cells use inhibitory receptors to detect the absence of constitutively expressed ''self'' molecules on susceptible target cells. In particular, NK cells express MHC class I-specific receptors and 'lose' inhibitory signals when encountering MHC class I-deficient hematopoietic cells in several in vitro and in vivo models [29, 30] . Since most cancer cells downregulate their expression of MHC class I molecules, tumor cells are recognized as NK cell targets [1] . In fact, NK cells may participate in tumor immune surveillance, particularly in leukemia [31] , neuroblastoma [32] , and gastrointestinal stromal tumors [33] . However, NK cell function is suppressed in gastric cancer patients, even though the expression MHC class I molecules on gastric cancer cells is downregulated [34] . This indicates that some other mechanism is responsible for the defects in NK cell function observed in gastric cancer patients.
NKG2D-mediated immune activation is triggered by an interaction with ligands [22, 24] such as the MHC class I chain-related molecules (MICs) MICA and MICB [25] , and the UL16-binding protein (ULBP) family [35] [36] [37] . In NK cells, the activation signal mediated by NKG2D dominates the inhibitory signals mediated by MHC class I binding to killer inhibitory receptors, leading to the lysis of target cells that express NKG2D ligands [22] [23] [24] . This suggests that NKG2D engagement is extremely important for NK cell activation. In fact, it has been demonstrated that downregulation of NKG2D expression on NK cells is associated with impaired function of NK cells [28] . On the other hand, we have previously demonstrated that reduced NKG2D expression on CD8? T cells is associated with reduced interferon (IFN)-gamma production by those cells, indicating that NK2GD engagement is also extremely important for the function of CD8? T cells [17] . In the present study, we showed that NKG2D expression by circulating NK cells in gastric cancer patients was significantly lower than that in healthy controls. Furthermore, reduced NKG2D expression on NK cells was closely correlated with disease severity. On the other hand, in the present study, there were no direct data indicating a correlation between decreased NKG2D expression on NK cells and tumor progression. In this regard, Guerra et al. [38] recently demonstrated that NKG2D-deficient mice were defective in tumor surveillance in models of spontaneous malignancy due to the defect in NK cell function, indicating that decreased NKG2D expression on NK cells is closely associated with tumor progression. Therefore, it is likely that most NK cells observed in the present study were not able to kill cancer cells due to reduced NKG2D expression, suggesting that the suppression of NKG2D expression might be closely related to the suppression of NK cell function and tumor progression in patients with gastric cancer. To the best of our knowledge, this is the first report demonstrating reduced NKG2D expression on NK cells in gastric cancer patients. The detailed mechanisms underlying the downregulation of NKG2D expression remain unclear and are under intense investigation. In the present study, decreased NKG2D expression by NK cells from patients was restored after 48 h in culture with RPMI containing 10% AB serum. Furthermore, restoration of NKG2D expression by circulating NK cells was observed after complete surgical removal of the tumor. These results indicate that the decreased levels of NKG2D expression by NK cells observed in the present study were induced by factors that are exclusive to patients with gastric cancer. In fact, NKG2D expression by NK cells in cancer tissues was significantly lower than that in those isolated from peripheral blood. One factor related to reductions in NKG2D expression is MICA, which is the ligand for NKG2D. Groh et al. [26] recently demonstrated that tumorinfiltrating and systemic NK cells and CD8? T cells often express low levels of NKG2D and are functionally compromised in cancer patients with MICA? or MICB? tumors. This has been attributed to the trans-acting effects of soluble MICA and MICB cleaved from solid tumors and leukemias by a tumor-associated metalloproteinase [26, 39, 40] . The engagement of sMICA promotes NKG2D internalization and degradation. Wu et al. [28] also demonstrated that sMICA downregulated NKG2D expression on NK cells in patients with prostate cancer. In the present study, however, we found no difference in the concentrations of sMICA between healthy controls and gastric cancer patients. This disparity could be caused by the presence of anti-MICA autoantibodies, which have been found in cancer patients with anti-CTLA-4 therapy-induced autoimmunity, and these autoantibodies may affect the ELISA detection of sMICA [41] . In addition, or alternatively to MICA, other NKG2D ligands, such as its close relative MICB, or ULBP2 and ULBP3, which are normally expressed on B cells, might be related to the downregulation of NKG2D on NK cells in gastric cancer patients.
It is possible that the downregulation of NKG2D on NK cells might be associated with the bad nutritional status of gastric cancer patients. In this regard, we examined the correlation between NKG2D expression on NK cells and the concentration of serum albumin, which is known to be associated with nutritional status, and found that there was no significant correlation between them (data not shown). Furthermore, the upregulation of NKG2D expression on NK cells 1 month after surgery clearly shows that poor nutritional status is not associated with reduced NKG2D expression on NK cells, since most patients are not able to eat enough due to the reduced volume of the stomach during this period. On the other hand, some cytokines, such as IFN-alpha, IFN-beta, and interleukin (IL)-12, which are known to activate NK cells, might be correlated with the reduced NKG2D expression on NK cells, since it has been demonstrated that the serum levels of these cytokines are low in gastric cancer patients, especially those with faradvanced disease [42] . In this regard, in the present study we demonstrated that NKG2D expression on NK cells obtained from gastric cancer patients was restored after 48 h in culture with RPMI containing 10% AB serum, which does not contain IFN-alpha, IFN-beta, or IL-12. Therefore, it is reasonable to think that other factors rather than IFN-alpha, IFN-beta, and IL-12 are associated with the reduced NKG2D expression on NK cells in gastric cancer patients.
In conclusion, our data strongly suggest that NKG2D expression on NK cells is decreased in gastric cancer patients. Moreover, this decreased NKG2D expression is correlated with disease severity. Considering the extremely important role played by NKG2D in the activation of NK cells, decreased NKG2D expression may be one of the key mechanisms responsible for NK cell dysfunction in gastric cancer patients. However, the detailed mechanisms responsible for this downregulation remain unknown. Further investigation into the mechanisms leading to decreased NKG2D expression on NK cells is urgently required.
